The 1045 steel with lamellar spacing of pearlite in nanometer was prepared by aluminothermic reaction casting and annealed at 873 K (600 ∘ C) with different time. Microstructures of steels were investigated by X-ray diffraction (XRD), scanning electron microscope (SEM), and transmission electron microscope (TEM). Tensile properties of the steels were measured. The results showed that the lamellar spacing of the pearlite increased with the annealing time. It was found that the microstructure of steels consisted of nanocrystalline-ferrite matrix and laminar pearlite phase. The average grain sizes of the ferrite were 26.9, 27.0, 26.1, and 34.9 nm for the cast steel and samples annealed for 2, 4, and 6 h, respectively. As the annealing time increased, the volume fraction of the pearlite almost remained constant, while the laminar spacing of pearlite increased from 146 to 300 nm. The tensile and yield strength varied slightly; the elongation obviously improved. After annealing for 4 h, the elongation increased to be 33%, which was the reported highest value for the steel up to now and about twice of the conventional 1045 steel.
Introduction
Due to high strength, considerate ductility, and low production cost of the steel, it occupied about 90% of the world's metals production. Owing to potential large decrease of raw material and energy consumption in using, steels with higher strength, considerable ductility, and lower cost are attracting considerable interests [1, 2] .
The 1045 carbon steel as an excellent structure material had been widely used in manufactures matches plate and guide pillar of the mould, moving component of the steam turbine, compressor, and pump, such as bent axle, transmission shaft, gear, and worm. The steel had high strength, good machinability, and low cost; after annealing, the steel had considerable toughness, plasticity, and abrasive resistance [3] [4] [5] [6] . The improvement of ductility and tensile strength was the most concerned problem in the development of advanced 1045 carbon steel. In metals and alloys, high ductility was often accompanied by low strength, and they rarely can be enhanced simultaneously [4] .
The flow stress of the carbon steels was not only connected with the volume fraction of pearlite but also with the microstructure characteristics of the individual phase constituents (which included lamellar spacing and colony size of the pearlite and grain size of the ferrite). For the case of low carbon steels with C (carbon content) ≤ 0.25%, the yield strength was mainly affected by the ferrite grain size; while carbon content increased, the contribution of pearlite starts being relevant. And when C > 0.25%, the lamellar spacing ( ) becomes important, but usually there was not a direct linear relationship between YS and UTS with −1/2 [7] . In general, strength of steels significantly increased with carbon content; while ductility largely decreased at the same time, there was no method to obtain high ductility in high carbon steel up to now. In present work, high ductility without loss of strength has been successfully obtained in 1045 carbon steel which has lamellar spacing of pearlite in nanometer without any expensive alloying elements [8] [9] [10] [11] [12] [13] [14] .
Methods
Commercial ferric oxide and aluminum powders were weighted according to stoichiometry of the aluminothermic reaction (1); then carbon and silicon powders that were 2 Advances in Materials Science and Engineering designed to be 0.45 and 0.25 wt% without Mn element in the produced steel were added in the reactant powders. The composition of the raw powders and purity was shown in Tables 1 and 2 , respectively.
The powders were dry-mixed at a speed of 150 rpm (rotation per minute) for 8 h using a planetary ball mill with Al 2 O 3 spheres. Then the mixed powders were pressed under a uniaxial pressure of 40 MPa as compacts in a steel tube. The substrate and the tube were ultrasonically cleaned in ethanol before using. The compacts were put on copper substrate in a reactor. A lamellar igniter of about 2 g was put on the surface of the pressed powders, which was given in details elsewhere [7] [8] [9] [10] [11] . The substrate, stainless steel jars, steel mould, and inner wall of the reactor were cleaned by ethanol before using, and the copper substrate was kept horizontal in the reactor.
The reactor was purged with argon gas at room temperature and heated to 473 K (200 ∘ C); then the reactor was purged again and 5 MPa argon gas was introduced. The reactor was continually heated and the igniter was ignited at 533 K (260 ∘ C), and released exothermic heat started aluminothermic reaction of the reactant powders. The reactants transformed to Fe (C, Si) and Al 2 O 3 melts in areas where the combustion wave passed compacts. The reaction completed in a few seconds, and the products were kept in the reactor to cool down under the pressure of argon gas. The products were taken out from the reactor at room temperature and surrounding of the steel product was a gray layer of Al 2 O 3 . Due to the thermal expansion coefficient between the Al 2 O 3 and the 1045 carbon steel being large, the binding between the carbon steel and Al 2 O 3 phase was very weak, and thus Al 2 O 3 phase could be removed by hands. The produced steel ingot was about 110 mm in diameter and 10 mm in height. Samples were cut from the steel ingot using wire cutting machine; they were annealed at 873 K (600 ∘ C) in a furnace for 2, 4, and 6 h and then cooled to room temperature in the furnace, respectively.
The cross sections of the samples were polished with sand paper and ultrasonically cleaned in ethanol for ten minutes and then examined by D8 X-ray diffraction (XRD) using Cu K radiation. Polished cross section of the steels was etched by 4% nitric acid alcohol for 45 s, subsequently, examined by a JSM-6700F field emission scanning electron microscope (FE-SEM).
Lamellar spacing of the pearlite without and with annealed at different time was measured by Image-Pro plus software from high magnification SEM pictures. We drew a line which is perpendicular with the lamellar pearlite in high magnification SEM picture and measured the length of this line ( 0 ) and then counted the number of the lamellar pearlites ( ) which intersects with the line; lamellar spacing of the pearlite includes one lamellar ferrite and one lamellar cementite; the lamellar spacing of the pearlite was = 0 / . The lamellar spacing of the pearlite was an average value of ten high magnification SEM pictures; the standard deviation was less than 5%. Sheet specimens cut from the rolled steels were grounded into thin foils with less than 100 m in thickness by hands and then punched into plates with a diameter of 3 mm by a puncher. The plates were thinned electrolytically by a twinjet electropolishing device and were examined on a JEM-2010 transmission electron microscope (TEM) with voltage of 200 kV. The electrolyte was a solution of 2 vol.% perchloric acid in ethanol.
Tensile specimens that were 17 mm in length were cut from the steels. The tensile tests were performed on the Shimadzu AT10 t tester with a crossing speed of 0.2 mm min
and repeated three times; final value was an average of the three times; the standard deviation was less than 5%.
Results
XRD pattern of the 1045 carbon steel without and with annealing at 873 K (600 ∘ C) for different time is shown in Figure 1 ; the peaks correspond to ferrite phase, but the peaks of cementite phase are not detected. The average grain size of the ferrite of the cast 1045 steel and the steel annealing with different time was calculated, which was deduced from the Scherrer equation (2):
where , , and represent the average grain size, the wavelength of characteristic X-ray, and the diffraction angle, respectively. is a constant, and is the half width of the broadening X-ray diffraction by virtue of grain refinement. The average grain size of the ferrite without and with annealing at 873 K (600 ∘ C) for different time is 26.9, 27.0, 26.1, and 34.9 nm, respectively. It remains nearly constant before annealing at 600 ∘ C with 6 h and then increases with the annealing 6 h. Typical FE-SEM micrographs of the 1045 carbon steel without and with annealing at 873 K (600 ∘ C) for different time are shown in Figures 2-5; the phase that looks like island is the pearlite and the other is the ferrite in the low magnification SEM micrographs (Figures 2(a)-5(a) ). It also can be demonstrated by energy dispersive spectrometer (EDS) elements analysis of the cast 1045 steel in Figure 6 ; the area with higher carbon content is pearlite phase, and the other area is ferrite phase. The volume fraction of the pearlite in the steels without and with annealing at 2, 4, Figure 7 ; the lamellar pearlites are composed of black stripes and gray matrix; the black stripes are cementite and the gray matrix is the ferrite, which can be demonstrated from SAED (selected area electron diffraction) image of the pearlite in steel with annealing at 873 K (600 ∘ C) for 2 h in Figure 8 . Figures 8(b) and 8(d) are the SAED image of the red region in Figures 8(a) and 8(c) , respectively; the SAED patterns are indexed to be cementite and ferrite, respectively, and the weak diffraction halo indicates the presence of a small amount of noncrystalline phase. The lamellar spacing of the pearlite measured from bright field of TEM micrographs, and the result complies with the value measured from SEM micrographs.
Tensile curves of the 1045 steel without and with annealing at 873 K (600 ∘ C) for different time are shown in Figure 9 and summarized in Table 3 . The elongation increases from 15% of the cast steel to 33% when the annealing time is 4 h, and the tensile and yield strength of the steels almost are not changed with the annealing time increases; when the annealing time increases to 6 h, the elongation of the steel decreases to 22%; the tensile and yield strength of the steel decrease a little. The steel with annealing at 873 K (600 ∘ C) for 4 h has highest elongation of 33%. The elongation is the highest value in 1045 steels, and about twice for conventional 1045 carbon steel but the strength of them is the same [13] .
The fracture appearance of 1045 carbon steels without and with annealing at 873 K (600 ∘ C) with different time is shown in Figure 10 ; fracture surface of the cast steel is uneven and like lamellar tearing, when the steel is annealed at 873 K (600 ∘ C) for 4 h, there are a lot of dimples that appear on the fracture surface of the steel.
Discussions
During the process of aluminothermic reaction casting, the temperature of the products was calculated to be about 3040 K (2767 ∘ C) and the melts were superheated, and it led to a large super cooling degree in solidification process [15] . The melt was cleaned by the large super heating. Therefore, the austenite nucleation rate was very high in the solidification process. And it was beneficial to get much smaller austenite grains; the interfacial area per unit volume increased significantly. It could provide more pearlite nucleation position during the transformation of austenite to pearlite. Thus, the pearlite lamellar spacing was small in nanometer [16] .
The pearlite consists of lamellar ferrite and lamellar cementite; the carbon content of them is largely different; the lamellar spacing of the pearlite was determined by carbon diffuses extent; the longer the annealing time is, the more favorable it is for the diffusion of carbon atoms, and the lamellar spacing of the pearlite increased obviously. Therefore, lamellar spacing of the pearlite increased with the annealing time. Due to the pearlite lamellar spacing of the cast steel prepared by aluminothermic reaction casting method was smaller than the conventional 1045 steels in nanometer; the free energy of grain boundary was high, and there was lack of stability of grains; the carbon diffused more fast and lamellar spacing of the pearlite increased faster than the micrometer lamellar spacing steels [17] .
The elongation of the steel was greatly enhanced from 16% to 33% through annealing at 873 K (600 ∘ C) in comparison to cast steel. There were three major reasons about the improvement of the ductility. At first, large thermal stress formed in the process of the cast steel solidification owing to the fast cooling rate of melts metal; the thermal expansion coefficient between the ferrite and cementite in the pearlite is different. The stress was released with increase of annealing time, which can be demonstrated by XRD in Figure 2 ; taking (110) peak, for example, the distance of crystal face ( ) of the steels without and with annealing at different time and the standard distance of crystal face of the steel without any stress were calculated by software Jade 6; the difference between them was given in Table 4 . The smaller the difference is, the more the stress is relieved completely. 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 0.00 Secondly, there is a small amount of the amorphous phase in the cast steel. The amorphous phase transforms into the nanocrystalline phase when the specimen was annealed at 873 K (600 ∘ C). Thirdly, nanograined/ultrafine-grained steel exhibited unusual deformation behavior compared with the fine-grained steel, and tensile ductility was is low relatively. For nanograined steel, during deformation, dislocations are trapped at grain boundaries; the time for dislocations to move to grain boundaries is shorter than the time of tensile test. This decrease in dislocation density reduces accumulation of dislocations inside the grains and consequently leads to less work hardening when compared with corresponding steels of coarse grain size. Grain refinement also leads to reduced work hardening capacity. As a result, plastic instability (necking) occurs at an early stage during tensile test, which results in limited uniform elongation in cast steels. The variation of tensile strength, yield strength, and percent elongation with the inverse of the square root of interlamellar spacing ( ) was shown in Figure 11 . After annealing for 4 h, although the grain size of ferrite remained constant, lamellar spacing of the steel increasing as 255 nm is also smaller than conventional microstructure, and the thermal stress was relieved. The plastic deformation was more uniform and the stress concentration was much decreased compared to the steel with conventional microstructure [6] . In addition, under the action of external stress, cracks were nucleated and grew in the cementite phase which was hard and brittle. The smaller lamellar spacing resulted in more interface area of ferrite and cementite phase in the pearlite, which was resistant to crack propagation owing to the deflection of crack at the interface. Therefore, the elongation of the steels was increased after annealing [4, 7, 18, 19] . For the mechanical properties of the specimens, the yield strength and tensile strength are almost invariable with increase of the annealing time, which is attributed to the few increase in the lamellar spacing of the pearlite and the grain size of ferrite. However, after annealing for 6 h, the elongation of the steel was decreased, the lamellar spacing of the pearlite and the grain size of ferrite increased sharply, the dislocation movement became easier, but the interface between lamellar ferrite and lamellar cementite was reduced, which decreased the resistance to crack propagation by crack deflection at the interface, and the elongation was decreased. The plastic deformation was always associated with the free movement of dislocations. When lamellar spacing of the pearlite was larger than 255 nm and the ferrite in the pearlite was softer than cementite, it was also deformed during the course of pearlite deformation; therefore, dislocations move more freely in the ferrite zone; consequently, it results in tensile strength decreasing observably [4, 8, 20, 21] .
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Conclusions
The lamellar spacing of pearlite increasing with the annealing time, without and with annealing at 2, 4, and 6 h was about 146, 172, 255, and 300 nm. When the annealing time is less than or equal to 4 h, the tensile and yield strength of the steel almost were not changed with the annealing time increasing; after annealing at 6 h, the tensile and yield strength of the steel decreased a little. The elongation of the steel increased first and then decreased; after annealing at 4 h, the elongation Advances in Materials Science and Engineering increased from 15% of the cast steel to 33%. The steel annealed at 873 K (600 ∘ C) for 4 h has the highest elongation of 33% and the tensile strength was about 488 MPa; the elongation value was about twice of the conventional 1045 steel whereas the strength remained constant. Therefore, this is a better route to enhance the ductility of 1045 nanoeutectic steel prepared by aluminothermic reaction, but it does not lose strength.
